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Introduction
The klystron is used in most high power, high energy proton accelerators, and so it was the logical choice as the RF generator for the NSNS project, which requires over 104 MW of peak power for 1.04 ms H pulses at a beam duty factor of 6.24%. We must add at least 70 ps to fill the standing-wave accelerator structures and to lock the control loops for the fields in the accelerator. Thus the RF power is applied for about 1.1 ms, and the RF duty factor is 6.6%.
A schematic drawing of the 1 MW accelerator [l] is shown in Fig. 1, along The power applied to the klystron has 100 ps rise and fall times. Thus, the pulse of power through the klystron will be about 1.25 ms long, and the klystrons will have a 7.5% video duty factor. This accelerator is to be comprised of an RFQ and DTL, operating at a low frequency, and then a CCDTL and CCL at an integer multiple of the base frequency. NSNS is to be upgradeable, to both 2 MW and 4 MW of beam power, with a funnel and two parallel 402.5 MHz fiont ends for the final upgrade to 4 MW. The frequencies chosen are 402.5 M H z for the RFQ and DTL portions of the accelerator, up to 20 MeV. From 20 to 93 MeV, the accelerator is a CCDTL, and from 93 to 1000 MeV, the linac is a CCL. Both the CCDTL and CCL operate at 805
MHz. The amplifier size was chosen as 2.5 M W , the maximum power for a long-pulse klystrons with a modulation anode [2] , to minimize the cost and maximize the reliability of the RF system. Two klystrons will be placed in each modulator, and Fig. 2 is a schematic diagram of a dual-klystron-modulator RF system at 805 MHz. The schematic diagram for the 402. Although Fig. 2 is just a schematic, notice that only one switch tube is used. This reduces the capital cost, and increases the reliability of the modulator, at the expense of a somewhat longer fall time of the cathode current pulse, and therefore yields a slightly higher operating cost.
Technology Choices
We have chosen the high main frequency of SO5 MHz for this project to keep the sizes of the accelerator structures as small as possible, consistent with enough stored energy in the RF structure. The large CW linacs being proposed for tritium production use 700 MHz for their high frequency [3] , and the Japanese waste-transmutaion prototype accelerator is proposing [4] 600 M H z for the high frequency part of that accelerator. Both machines are proton linacs. Klystron vendors indicated that many technical solutions are possible for the NSNS project, including the conventional klystron, the multiple beam klystron (MBK), and higher-order mode inductive output tube (HOM-IOT). Only the conventional klystron has been used in accelerator work to date, so it was chosen as the baseline RF amplifier. Even with the conventional klystron, the vendors were not in agreement about the most economical and maintainable solution for this project. The fiequencies of the linac were chosen at 402.5 and SO5 MHZ, although it is expected that the minimum cost is almost independent of frequency over several hundred MHz[5] . The frequency of 805 MHz has been used for several pulsed proton linacs, which have used very long-lived klystrons. The LANSCE klystrons, at 1 ms, 120 Hz, and 1.25 MW have a life of over 80,000 hours, and the FermiLab 100 p, 10 Hz, 12 MW klystrons also appear to have an excellent life of over 30,000 hours. For klystrons with a modulating anode, the opinion is that a 2.5 MW output power should result in a good rf system design. The cathode pulsed klystron, without a modulation anode, could be made to much higher power, and 5 MW was chosen as a reasonable limit for this project [2] . Higher peak powers at this pulse length may be possible, but the klystron would require development, and this means risk to the program. With the lower power klystron, it is entirely feasible to put two klystrons into one modulator, but it is much more difficult to do this with the 5 MW, cathode-pulsed klystron. A schematic diagram of a dual 2.5 MW klystron rf system was shown in Fig. 2, and the corresponding diagram for a single 5 MW klystron is shown in Fig. 3 . Both systems can drive the same two accelerator modules. The main switching element in the 5 M W modulator is a solid state assembly made of a series connection of insulated-gate bipolar transistors (IGBT's), and only the crowbar is a classic electron tube.
Another advantage of Fig. 3 is that all the electronics, except the pulse transformer and klystron socket, are in air-insulated enclosures, so the amount of insulating oil is greatly reduced compared to the circuit in Fig. 2 . This has fire safety, cost, and maintenance advantages. The capacitor bank in Fig. 3 stores only about 25% of the energy per peak MW of output power, compared to the energy stored per M W in the Fig. 2 circuit. The lower stored energy would cause much more distortion in the output pulse of the modulator, but the bouncer circuit, which contains another capacitor and inductor, is triggered so that its voltage changes during the pulse, to compensate for the capacitor drop.
Acceleratorsection
Accelerator W o n Figure 3 . The solid-state modulator with a 5 MW klystron and waveguide splitter system.
The 5 MW-klystron system has the potential to reduce costs, since the 5 MW klystron is much less expensive than two 2.5 MW klystrons. However, the 2.5 MW klystron would operate at a much lower beam voltage of about 110 kV for a 60% efficiency. This klystron voltage is in the optimum range for a modulation anode floating deck modulator. The 5 MW klystron would operate at 155 kV for the same perveance and efficiency, and this voltage makes it very difficult to make a floating-deck modulator. The fields inside the electron guns for the two klystrons are also different, with the higher fields in the higher power klystron. The higher power klystron therefore requires a series-type or transformer-type modulator, in which the switch transmits the entire pulse power. In the floating-deck modulator (in Fig. 2) , the switch only has to transmit a fraction of the pulse power, since only the capacity of the modulation anode is being charged and discharged. With the 5 MW klystron, the reflected power levels are at a damaging level due to the higher forward power, so the system requires a circulator. The single klystron would drive two accelerator modules, and we feel that since the beam loading will be different in each module, we will also require a high-powered variable-ratio power splitter and phase shifter with the 5 MW klystron. With this type of modulator, a single power supply is used for each klystron, and this raises the capital costs.
A cost study has given the preliminary results that a 10% savings in the RF system are possible with the 5 MW klystron, but the modulator is so large that it must be repaired in situ, which reduces the availability of the RF system.
System Details
The baseline system has 56 2.5 MW peak, 805 MHz klystrons and 3 active plus one spare 1.25 MW peak , 402.5 MHz klystrons for the 1 MW beam. The system is easily upgradeable by adding more modulators and power supplies for both 2 and 4 MW beams. In the latter case, there are 6 402.5 MHz and 84 805 MHz klystrons required. The pulsed power system is a major cost of a pulsed RF system, so two klystrons are placed in each modulator. Thus, the baseline 1 MW system has 4 402.5 MHz modulators and 28 805 M H z modulators. All the klystrons have modulation anodes, and the modulators are the floating deck type, in which only the potential of the modulation anode varies to pulse the RF system. Figure 2 shows a schematic diagram of this type of modulator, with the two klystrons installed. This modulator is small and simple, but heavy and oil-filled.
Whenever the klystrons or modulator needs repair, the entire unit is removed by fork lift and replaced. The repair is then done off line. The power supplies for the klystrons also can be expensive, and to minimize this cost, eight klystrons are to be driven by a single power supply, capacitor bank, and crowbar for the 805 MHz RF system, and a single supply and capacitor bank is to be used for the 402.5 MHz system. The 805 MHz klystrons will have a saturated efficiency of 60%, and operate at 110 kV.
Since the system is pulsed, the control margin allowance is 20% of the RF power, so each klystron will deliver a maximum of 2.0 MW to the accelerator module. Methods of using adaptive feed forward techniques to reduce this margin are being studied.
Future Work
The baseline RF system and the system with the 5 MW klystrons will both be designed in more detail so that more accurate cost and reliability data can be assembled.
Early next year, the 805 M H z development effort will begin on the baseline 2.5 MW klystrons and their modulators. If funding permits, and good progress is made on the advanced generators by other accelerator projects, a development contract for an advanced RF generator (such as the multiple beam klystron) will be placed.
